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However, one often neglected component of endothelial mechanobiology is the transient response to temporal changes in shear stress with time constants considerably longer than the pulsatile cycle. Local shear stress sensed by endothelial cells can be altered in vivo by changes in global hemodynamic parameters, such as heart rate and blood flow rate, as a result of normal physiological events, such as exercise. When local shear stress is altered, endothelial cells transiently adapt to the new shear profile. It remains largely unknown how endothelial function is changed during these periods of adaptation and the extent to which this transient phenotype contributes to the pathogenesis of atherosclerosis. In a recent study (41) , we stabilized porcine endothelial cells in a physiological shear environment and investigated their adaptive response to a physiologically realistic acute increase in shear stress magnitude. We characterized endothelial permeability, a key regulator in atherogenesis, and endothelial gene expression during the adaptation. We reported a near-immediate increase in endothelial permeability in response to an increase in shear stress magnitude, which was consistent with previous in vivo observations (12, 14) . Using microarray techniques, we identified a set of genes that were uniquely sensitive to the step-up in shear magnitude. This study strongly supported the notion that endothelial cells exhibit a specific phenotype during adaptation which is different from that of fully adapted endothelial cells.
In addition to magnitude, the frequency of shear stress is also an important parameter of shear profiles. Himburg et al. (15) reported that higher-frequency (2 and 3 Hz) shear profiles evoked a proinflammatory endothelial phenotype not exhibited by cells cultured under 1 Hz. Studies in the porcine iliac arteries (16) show that there are regions in these vessels where the dominant shear harmonic is two or more times the heart rate and that these "high harmonic" regions colocalize with those experiencing a low shear magnitude, suggesting a possible contributing role of frequency content in atherosclerotic lesion development. Naturally, the frequency content of the shear profile is directly related to heart rate. Therefore, the focus of this study is to document the transient phenotype of endothelial cells during the adaptive response to shear frequency alteration and to test our hypothesis that such phenotype is different than that of fully adapted endothelial cells. Cultured porcine endothelial cells were preconditioned by a basal level sinusoidal shear of 15 Ϯ 15 dyn/cm 2 at 1 Hz for 24 h, and the frequency was then increased to 2 Hz for 6 h. Endothelial permeability and gene expression were measured at multiple time points after the step-up in frequency. This paper, together with our previous paper (41) and earlier animal studies (12, 14) , are among the first efforts to document the transient endothelial phenotype during adaptation. We believe the genes and pathways identified in our study can serve as a basis for further studies to understand this important adaptive process and its implications.
MATERIALS AND METHODS
Porcine aortic endothelial cells were harvested from female swine aortae as previously described (41) . Animal experiments were performed in accordance with a protocol approved by the Duke University Institutional Animal Care and Use Committee. Cells between passages 2 and 5 were used in all studies. Endothelial cells were preconditioned by a basal level shear stress (15 Ϯ 15 dyn/cm 2 at 1 Hz, sinusoidal waveform) for 24 h. The preconditioning time was confirmed to be sufficient for endothelial cells to reach a stable permeability level and transcriptional activity (41) . The frequency of the applied shear stress was then increased to 2 Hz. The experimental set-up and protocols were similar to the previous work, and the following brief descriptions of methods are adapted from the previous paper (41) .
Flow experiment setup. The steady mean flow was provided by a peristaltic roller pump (Cole-Parmer) with a dampener. To superimpose the pulsatile flow, a computer-controlled stepping motor was used to drive a bellows pump. The volumetric flow rate was monitored using ultrasonic flow probes (Transonic Systems). The shear stress was calculated from the flow rate, culture media viscosity, and height of the flow domain. The flow circuit was placed in a cell culture incubator at 37°C and 5% CO 2. The stepping motor was programmed to allow an increase in pulsatile frequency without altering shear stress levels.
Permeability study. Endothelial permeability to bovine serum albumin (BSA) was measured using a custom-designed dual-chamber apparatus equipped with an optical-fiber based fluorescence detector. Fluorescein isothiocyanate-labeled BSA (FITC-BSA) was added to the perfusion media at a final concentration of 1 mg/ml. The fluorescence detection system was turned on to record the tracer concentration in the abluminal chamber, which was separated from the perfusion media by the endothelial monolayer cultured on a Transwell (Corning) membrane. The permeability of the preconditioned endothelial cells was obtained from the average rate of change in abluminal FITC-BSA concentration, S p, found from a linear fit to the concentration profile over 5 min. After the permeability of the preconditioned endothelial cells was obtained, shear stress frequency was increased to 2 Hz. Endothelial permeability was then measured at multiple time points. At each time point, the average rate of change in concentration, S, was calculated as above during a time period of 5 min centered on the measurement time point. The endothelial permeability at each time point was normalized by the pre-step-up value (S/S p). The integrity of the confluent endothelial monolayer was assessed at the end of each experiment. Samples with compromised monolayer integrity were not included.
Microarray study. Endothelial cells in eight separate flow chambers were preconditioned simultaneously for 24 h. One control sample was obtained before the frequency step-up. At each designated time point (5, 15, 45, 90, 180 , and 360 min after step-up), one randomly selected chamber was detached from the flow circuit and disassembled for RNA isolation. RNA isolation, amplification and DNA microarray hybridization were performed as described previously (41) .
Microarray data analysis. Quality filtering and normalization were performed using Genespring (Agilent). The expression levels at all time points after frequency step-up were normalized to the expression level of the corresponding pre-step-up control sample. The gene expression values presented in this paper are normalized values using a log2 scale. The differentially expressed genes at each time point were identified using significance analysis of microarrays (38) (SAM, Stanford). Ingenuity pathways analysis (IPA, Ingenuity) and GeneGo (GeneGo) were used for gene ontology and pathway analysis. The microarray data (28 arrays) are available at National Center for Biotechnology Information Gene Expression Omnibus (GSE26513).
Reverse transcription polymerase chain reaction. Quantitative RT-PCR was performed to validate the microarray results for selected genes. GAPDH was used as the housekeeping gene. Primers used had previously been designed and tested for efficiency. The 2 Ϫ⌬⌬CT method was used to quantify expression levels of the target genes relative to the standard control sample. All expression values were normalized by the corresponding preconditioning values. Student's t-test was used for statistical interference.
RESULTS
Endothelial permeability increases slowly in response to the elevated shear frequency. Figure 1 shows the normalized endothelial permeability at each time point during the adaptation process. The mean preconditioning value of endothelial permeability is 3.78 Ϯ 0.47 ϫ 10 Ϫ6 cm/s. The elevated shear stress frequency had a modest effect on the endothelial permeability. The apparent large increase in permeability at 20 min came mostly from a single experiment, and the peak disappeared if that data set was removed. However, a clear increase in endothelial permeability over time was observed after 50 min exposure to the elevated shear frequency. A linear regression performed on data from 50 min to 360 min yields an R 2 value of 0.94 and a highly significant slope (P Ͻ 10 Ϫ8 ). Only a limited number of genes are sensitive to the increase in shear frequency. Table 1 lists the number of genes identified as differentially expressed at each time point, relative to their expression in preconditioned cells, at different levels of false discovery rate (FDR). A total of 37 genes were identified by SAM to be upregulated by the frequency step-up at one or more time points when FDR was Ͻ10%. No gene was identified at any time point as downregulated by the frequency step-up. Table 2 is the complete list of identified genes. Some probes are not annotated with gene names since the corresponding porcine genes are unknown and no human or mouse homologous sequence was identified.
A total of 86 genes had been identified as responsive to a shear magnitude step-up at 10% FDR (41) , so the endothelial cells appear to be somewhat less sensitive to changes in shear frequency. The regulation pattern of these genes is much simpler than that in the magnitude adaptation study, as shown by hierarchical clustering (Fig. 2) . For most genes, the expression values increased throughout the time period. Only a few genes exhibited the pattern of early adaptation seen in the magnitude step-up study, where the expression values peaked at around 90 min and then dropped back to the pre-step-up values. The previous study (41) identified 1,838 genes that were regulated by the preconditioning shear stress, compared with static culture. Figure 3 shows how these genes relate to the genes regulated by the two step-up exposures. Only 8 of these genes were sensitive to the frequency step-up. Only three genes were sensitive to both the frequency step-up and the magnitude step-up. Taken together, our data suggest that endothelial cells have distinct mechanotransduction mechanisms for shear frequency and shear magnitude.
Increased shear frequency upregulates a set of cell-cycle and mitosis regulation genes. The list of identified genes was imported into IPA for network analysis. Interestingly, 11 of the 37 identified genes were found in a densely interconnected gene network as shown in Fig. 2 , indicating their participation in a unique cellular process. Almost all genes in this network have important regulatory roles in cell cycle and mitotic events. Three cyclin-related genes, cyclins A2 (CCNA2) and B1 (CCNB1) and cyclin-dependent kinase 1 (CDC2), were significantly overexpressed at 6 h. The temporal expression patterns of the three genes are highly similar, as shown in Fig. 4 . The coordinated regulation of CDC2 and cyclin B indicates that endothelial cells may enter mitosis after exposure to elevated frequency. Recent studies have associated increases in cyclin A and B1 gene expression with endothelial proliferation (29, 40) .
Other mitosis-related genes upregulated by the elevated shear frequency include nucleolar and spindle-associated protein 1 (NUSAP1), a regulator in the formation of microtubule bundle during mitosis (32, 33) ; ubiquitin-specific protease 1, a positive regulator of DNA repair during G2 phase (27) ; and NIMA (never in mitosis A)-related kinase 2 (NEK2), a regulator of nuclear envelope breakdown and centromere separation at the onset of mitosis (31) . Centromere protein A, a centromere binding gene (38a), was also overexpressed under elevated shear frequency after 15 min. These genes were all found to be overexpressed during the G2/M transition in animal cells (8, 31) .
As might be expected from the IPA results, these cell cyclerelated genes have highly similar temporal profiles, as shown in Fig. 4 . Immediately after the step-up of shear frequency, these genes appear to undergo a moderate adaptive response, as evidenced by their overexpression around 15 to 45 min. The expression values then diminish toward the baseline level. From 90 min up to 6 h, the expression of these genes gradually increases. This highly coordinated expression profile suggests that these genes may be involved in a particular pathway that can sense the shear stress frequency and respond by regulating endothelial turnover.
Several genes involved in angiogenesis and atherogenesis are sensitive to increased shear frequency. Inhibitor of DNA binding 2 (ID2), an angiogenic gene promoting endothelial cell growth and migration (2, 7, 25) , was upregulated by the frequency step-up. Importantly, ID2 was one of the three genes that were also upregulated by the magnitude step-up, suggest- Fig. 2 . Gene network and clustering heat map generated from the identified genes. A: top ranked gene network generated by IPA. Genes are color-coded by the expression values at 360 min. B: hierarchical clustering of the identified genes. Red, overexpressed; yellow, unchanged; blue, underexpressed. See Table 2 for definitions of abbreviations.
ing it may be an important regulator of endothelial response to shear stress alteration. Lasorella et al. (21) demonstrated that overexpression of ID2 can induce the expression of VEGF. Indeed, the expression level of VEGF was increased significantly in this study (Fig. 4) . Fibroblast growth factor receptor 2, a potent angiogenesis signal transduction gene (3, 10), was also upregulated by the elevated shear frequency.
In addition to the differentially regulated genes identified using SAM, we also examined the expression of an a priori set of genes that are believed to participate in atherogenesis and are known to respond to shear stress. The list of genes was generated from the literature and can be found in Zhang and Friedman (41) . Only six of these genes were sensitive to the elevation in shear frequency with a t-test P value Ͻ 0.05 (no FDR control was applied): ICAM-1, c-jun, caveolin-1, BMP4, HMOX1, and KLF4. Overall, an acute increase in shear frequency evidently has a small effect on the regulation of these atherosclerosis-related genes.
We further performed real-time quantitative-PCR to measure the expression levels of VEGF, c-jun, and ICAM-1 at each time point, as shown in Fig. 5 . The results were consistent with the microarray measurements.
The global gene expression profile gradually responds to the elevated shear frequency. Although a moderate early adaptive response was found for the cell-cycle regulation genes in Fig.  4 , the response of the global transcriptional profile to an increase in frequency is gradual. Scatter plots and hierarchical clustering were used to compare the global expression profiles at different time points as described in Zhang and Friedman (41) . Unlike the magnitude step-up study, where at 45 min endothelial cells were found to have distinct gene expression patterns, the global transcriptional profiles at different time points are similar to each other in the present study. The means and variances of the expression values of all genes were also calculated for each time point. The means are all close to zero (log-scale), and the variances at each time point are similar. The temporal similarity of the transcriptional profiles was further supported by principal component analysis.
For gene ontology analysis, a gene list was obtained for each time point using a one-sample t-test P-value cutoff of 0.05 as described in Zhang and Friedman (41) . The numbers of genes used in the GeneGo analysis were 326, 381, 372, 418, 506, and 499 at 5, 15, 45, 90, 180, and 360 min, respectively. Consistent with the results described above, pathway and gene ontology analysis suggested that VEGF signaling and activation pathways are sensitive to the frequency step-up. Other identified pathways include the lipid metabolism and focal adhesion kinase pathways. As expected, the cell-cycle G1-S transition and mitosis processes ranked highly in the cellular processes GO analysis.
DISCUSSION
Endothelial permeability. In contrast to the rapid increase in endothelial permeability observed after an acute increase in shear stress magnitude (41) , this study revealed a more modest response of endothelial permeability to the increase in shear stress frequency. Although an early adaptive response was absent, there was a clear and statistically significant increase in endothelial permeability from 50 min to 6 h after exposure to a higher shear frequency. The observed increase in permeability was relatively small (1.2-fold increase at 6 h); however, it is possible that endothelial permeability could eventually increase to a significantly higher level after longer exposure to the elevated shear frequency. The dependence of endothelial permeability on the frequency of chronically applied shear stress is still unknown in vivo and in vitro. The gradual increase in permeability in response to higher shear frequency may be a result of increased endothelial mitosis, as suggested by our microarray studies, since mitosis creates leakage sites for transendothelial biomolecular transport (18, 26, 36) . The lack of a rapid increase in permeability immediately after the frequency step-up suggests that the increase in shear stress frequency was unable to induce sufficient cytoskeletal reorganization and junctional remodeling activity in contrast to shear magnitude step-ups. This is consistent with Himburg et al. (15) , who found no effect of shear stress frequency on endothelial cell alignment or the expression and localization of several structural proteins, including actin, tubulin, and vascular endothelial-cadherin.
The measured permeability values of porcine aortic endothelial cells in our study are consistent with previous in vitro studies (19, 39) . However, it is worth noting that the permeability to albumin of cultured cells is usually higher than the estimated values of in vivo arterial permeability (28, 34) . This may be due to several structural factors in addition to differences in the resistance of the endothelial layer per se. Notwithstanding, much has been learned about vascular endothelial permeability from well-controlled in vitro studies. The nearimmediate increase in endothelial permeability in response to an acute increase in shear, seen in our previous in vitro study (41) , is consistent with the results of our earlier in vivo experiments (12, 14) .
Endothelial gene expression. Endothelial transcriptional activities are much less sensitive to increases in shear frequency Genes sensitive to preconditioning shear Fig. 3 . Venn diagram displaying the overlap of genes sensitive to the increase in shear frequency (current study), genes sensitive to the increase in shear magnitude, and genes sensitive to the preconditioning shear compared with static cultured cells (41) . False discovery rate ϭ 10%. than in shear magnitude, as indicated by the fewer identified genes (37 vs. 86 ) and the more gradual alteration of global transcriptional profiles. Only three genes, ID2, serine/threonine kinase 38 like, and SCH SH2-domain binding protein 1, were identified as sensitive to both magnitude and frequency stepups. Furthermore, the triphasic adaptive response (induction period, early adaptation, and late remodeling) of the endothelial transcriptome seen in the magnitude step-up study was not observed in this study. Instead, the endothelial response to an increase in frequency is gradual and without a distinct adaptation process. Therefore, endothelial cells have distinctly different mechanotransduction mechanisms for shear step-ups in magnitude and frequency.
The acute increase in shear frequency upregulates a set of cell-cycle regulating and angiogenic genes. The upregulation of CCNA2, CCNB1, and CDC2 has been associated with endothelial proliferation (29, 40) . The overexpression of the mitosisrelated genes, NUSAP1, NEK2, and centromere protein A, indicates that the frequency increase may prime the endothelial cells for the G2/M transition (8, 31) . Together with the upregulation of VEGF, ID2, and fibroblast growth factor receptor 2, increased shear frequency seems to signal for endothelial proliferation.
The effects of chronically applied shear frequency on endothelial gene expression has been studied by Himburg et al. (15) using the same microarray platform. We reanalyzed their data with the bioinformatic methods used in this study and deter- Table 2 for definitions of abbreviations.
mined that no gene was significantly differentially expressed when comparing endothelial cells exposed to 15 Ϯ 15 dyn/cm 2 at 1 and 2 Hz for 24 h. Therefore, the genes found in this study appear to be specific to the transient adaptive response. These identified genes, especially those previously unrecognized as shear sensitive, merit further investigation as potential regulators in atherogenesis. Overall, we found in this study that the endothelial adaptive response to increased frequency is distinctly different than the response to increased shear magnitude, suggesting the involvement of different endothelial mechanotransduction mechanisms. However, consistent with the previous study (41) , our data support the hypothesis that the endothelial phenotype during an adaptive response to a change in the shear environment is different than that of fully adapted endothelial cells. Further investigation should be encouraged to understand how the adaptation processes influences the development of atherosclerosis.
Implications for exercise. Although the focus of this study is to understand the fundamental mechanobiology of endothelial adaptation, our results may shed some light on the effects of physical exercise on endothelial cells. Proposed 20 years ago by Laughlin and McAllister (22) , it is well accepted that shear stress is a primary signal in mediating exercise-induced vascular adaptation and thus is a key player in the prevention of endothelial dysfunction and cardiovascular diseases (23) . Physical exercise increases heart rate and stroke volume, leading to an increase in both the magnitude and the frequency of local shear stress. Thus this study, together with our previous study (41) , may serve as an in vitro exercise model for endothelial cells, with the early adaptive response (15 to 90 min) being particularly relevant to daily exercise of typical duration. The increase in shear magnitude predominantly promotes the expression of a set of anti-inflammatory and antioxidative genes (41), whereas the increase in shear frequency may promote cell proliferation and prime the cells for angiogen- esis. Although the combined effect of simultaneous changes in shear magnitude and frequency deserves further investigation, it is reasonable to speculate that during exercise, increased shear frequency facilitates the wound healing process to repair damaged or dysfunctional endothelial cells, while at the same time, the increased shear magnitude suppresses inflammation and oxidative stress. The experiments reported here and in Zhang and Friedman (41) , in which the cells were initially adapted to physiological levels of time-varying shear, are more representative of the in vivo situation than if the altered hemodynamic environment were imposed on static cells. This is evident from the differences in gene expression summarized in Fig. 2 . Similarly, it is likely that the regulatory pathways governing adaptation depend on the initial state of the cells.
One important component of exercise physiology is flowmediated dilation (FMD), which can be regarded as a vessellevel adaptive response. FMD increases blood vessel diameter, which moderates the increase in shear that would otherwise accompany an exercise-induced increase in flow. Notwithstanding FMD, endothelial cells in the larger arteries experience increases in both shear magnitude and frequency under exercise conditions (30) . Tinken et al. (37) showed that handgrip exercise caused a 60% increase in brachial artery shear rate. Taylor et al. (35) showed that bicycle exercise led to 70 and 300% increases in shear stress in the supraceliac aorta and infrarenal aorta, respectively. In earlier work (14), we also found that unilateral femoral arteriovenous shunting in swine induced an increase in shear in the ipsilateral distal iliac artery, notwithstanding the dilation of the vessel. Endothelial cell phenotypes in vivo are likely to be regulated by the combined effect of adaptation to magnitude and frequency. The present work and that reported in Zhang and Friedman (41) demonstrate the separate endothelial responses to increases in shear frequency and magnitude. In principle, this should permit the overall effect of exercise-induced transients on gene expression to be predicted, although it is recognized that interactions between changes in shear and frequency have not yet been examined.
